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ABSTRACT
Establishing Uranium Migration Parameters
for the Indian Springs Range
by
Clinton E. Abell
Dr. William H. Johnson, Examination Committee Chair
Associate Professor of Health Physics
University of Nevada, Las Vegas

For the past 24 years, depleted uranium (DU) kinetic energy penetrators used by the
US Air Force have been tested and evaluated to develop targeting system algorithms at a
site in the Mojave Desert. This two-fold study focused on reducing uncertainties in the
environmental parameters used to model DU migration in arid soils through extensive
soil characterization; and evaluated potential horizontal migration of DU through close
examination of erosion tracts traversing the target area. Model error reduction was
achieved by developing site-specific parameters for DU migration on various impacted
soil horizons. Parameters determined in this work included distribution coefficients, soil
texture, soil pH, uranium activity concentration, and soil particle density, as well as
characterization of motile playa layers subject to sporadic flash flooding events. Using
these values in the Residual Radiation (RESRAD) computer code resulted in an
individual’s first year total dose of 35 mrem under a resident farmer seenario. A
sensitivity analysis was performed on several parameters, identifying the soil distribution
coefficient (Kd) and density as the most significant to source removal and dose reduction.

Ill
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Data generated from RESRAD provided

soil clean up criterion of 200 pCi g ’ for

decommissioning based on agricultural land usage requirements, and a limit on the sum
of exposures from all model pathways to 25 mrem per year. Observations were made
validating DU transport by erosion with activity concentration decreasing exponentially
with distance. Recommendations are made to help mitigate the DU surface transport
processes.
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CHAPTER 1

INTRODUCTION
1.1 Purpose
The purpose of this study was to review previous environmental studies performed at
Nellis Air Force Base Range 63-10, Nevada, for the development and execution of a
limited scope characterization to produce a site-specific radiological risk assessment.
The scientific data and observations made herein are intended for use by range
radiological management officials, in whole or part as input for the RESRAD computer
code to aid in the development of a site-decommissioning plan, and to create awareness
to DU surfaee water transport mechanisms, for which consideration may be given for
mitigation.
1.2 Site Historical Information
In 1942 the Nellis Air Force Range (NAFR), formerly known as the Las Vegas
Bombing and Gunnery Range was established and currently comprises public lands
totaling 3,035,326 acres spanning Clark, Lincoln, and Nye counties, Nevada (MMESl,
1992).
Linked from NAFR conception, the Department of Energy (DOE), Department of
Defense (DOD), Bureau of Land Management (BLM), and U.S. Department of Fish and
Wildlife Services (USDFWS) provide primary guidance in today’s NAFR operations.
Nearly 826,000 aeres that were designated in 1936 as the Desert National Wildlife Range

1
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(DNWR) were absorbed into southern regions of NAFR. The USDFWS still maintains
jurisdiction over these lands, providing management over the largest national wildlife
refuge in the contiguous 48 states. In 1951, portions of the NAFR were transferred to the
Atomic Energy Commission (AEC), now the DOE, for the development of the Nevada
Test Site, and located between the north and south portions of the NAFR. The United
States Air Force, in 1956, granted the AEC an additional 369,280 acres for use as a fully
instrumented ballistic test range known as the Tonopah Test Range (DRI, 1991).
Additionally, the Bureau of Land Management (BLM) provides oversight of 394,000
acres of northern NAFR land areas, ensuring compliance with the Wild Horse and Burro
Act of 1971 (BLM, 1979).
1.3 Range 63-10
Unique to the United States Air Force (USAF) and the DOD, Range 63-10 is the only
active air-to-ground gunnery range licensed by the Nuclear Regulatory Commission
(NRC) for continued use of depleted uranium (DU) munitions. Both aviator and
engineers benefit from training sorties flown there: fighter pilots fly tactical combat
training missions utilizing DU weaponry, while weapons systems analysts develop, test,
and refine targeting system algorithms (Loekheed Martin, 2000). The area for this study
is a subdivision of the southern portion of the NAFR identified as range 63-10. Figure 1.1
is a map of Range 63-10, which is located approximately 12 miles east-northeast of
Indian Springs, Nevada and is situated in the Three Lakes Valley.
Although Range 63-10 has been in operation since 1978, Nellis Air Force Base
temporarily suspended the firing of DU munitions in 1993. Concerned about the
environmental effects of DU in the DNWR, the USDFWS requested the USAF provide a
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comprehensive study to evaluate the environmental impact of DU on the natural flora and
fauna. The range remained inactive until 1998 when studies concluded DU had minimal
environmental consequence to the DNWR, and environmental management objectives
could be implemented and observed to validate wildlife conservation. To date. Range 6310 hosts weekly training sorties 11 months out of the year, seeing reprieve during the
month of January when range clean up operations take place. On a yearly average, 7,900
DU rounds are expended at Range 63-10, seeing a total DU mass deposition of 2,370 kg
annually (Department of the USAF, 1998). At this annual rate of deposition, it is
estimated that nearly 51,500 kg of DU have been fired at Range 63-10.
1.4

Properties of Depleted Uranium Munitions

Depleted Uranium is defined by the NRC as nuclear source material where the
radioisotope of U-235 is less than 0.711 by weight percent of the total uranium present
(10 CFR 40.4). Specifically, after the removal of ^^"^Uand ^^^U, DU in the U.S. contains
about 0.2 weight percentage of ^^^U, 0.002 percent ^^'^U with the remaining uranium
being ^^^U. All other radioactive daughter products (including ^^®Ra and ^^^Rn) are
removed during the refining process. Depleted Uranium may contain about 0.003 weight
percent of ^^^U, which is not a naturally occurring uranium isotope, but is present as a
byproduct from nuclear fuel reprocessing. Trace amounts of ^^^U have no significant
contribution to DU’s overall radioactivity; with a specific activity of 63.6 pCi g"\ ^^^U is
about 1 percent the specific activity of
long physical half-life of

(6,200 pCi g'^) (AEPl, 1995). Because of the

only those progeny between ^^^U and ^^"*U (i.e. ^^'^'"Pa and

^^"^Th) can be readily seen in the DU projectiles. Isotopically pure ^^*U is about 0.7 times
as radioactive as natural uranium because it has been depleted in the shorter half-lived
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radioisotope of

The specific activity of

is 0.333 pCi g '\ Table 1.1 provides a

comparison of UNat to that of DUdod utilized at Range 63-10.

Table 1.1; Naturally Occurring Uranium Compared with DU Used by DOD (AEPI, 1995)
236^
.3 5 u
Material
“ “u
Activity Concentration
Weight %

Weight %

Weight %

Weight %

UNat

0.0057

0.72

0

99.28

0.7

DUdod

0.001

0.20

0.0003

99.8

0.4

pCi

g-‘

By design, 30-mm penetrators are encased in a 0.8-mm thick aluminum shell and
contain approximately 310 grams of extruded DU alloyed with 0.75 weight percent
titanium. The radioactive emissions of DU are predominantly alpha particles of energies
of 4.2 MeV (yield probability of 0.77) and 4.15 MeV (yield probability of 0.23). The
thin layer of aluminum that acts to encase the DU penetrator suffices to attenuate emitted
alpha particles. Daughter-produced beta particles are produced at energies ranging for
20keV to 3.3 MeV, while respective gamma energies range between 0.05-2.6 MeV. Both
beta and gamma radiation types are considered to provide a minimal surface exposure
rate. A 30-mm intact penetrator, measured through a dead skin layer equivalent
7 mg cm"^ absorber, is roughly 200 pR h * (Department of the Army, 1978).
The DU in the 30-mm penetrator provides for its armor piercing capability. The high
density of DU (19.05 g cm"^) alloyed with tungsten (19.35 g cm'^) gives the projectile
greater momentum and kinetic energy than that of steel (7.86 g cm'^) for the same
velocity. Strength, hardness, and pyrophoric properties of the DU penetrator are key
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aspects to the round surviving amour impact for maximum penetration. DU particles
ignite in air at temperatures ranging between 700 and 1000 degrees C. These
temperatures are achieved when the projectile hits a hard target (Weast et. al. 1982). Tri
uranium octoxide (UsOg) is produced as a product of the pyrophoric reaction, taking on
an appearance of an olive green-black color (Department of the Army, 1978).
1.5 Past Work
Direct radiological management of Range 63-10 began in 1978 (BEF, 1978). Under
the authority of an NRC master material license, 42-23539-01AF, the USAF Office of the
Surgeon General, Radioisotope Committee (RIC), sublet a radioactive materials permit
(NV-30048-02/00AFP) to Nellis Air Force Base, Bioenvironmental Engineering Flight
for direct control and oversight in compliance with federal regulations for local USAF
operations utilizing DU (Lockheed Martin, 2000). In this manner. Range 63-10 became a
formally NRC licensed area and subject to inspection by NRC Region IV and the USAF
Inspector General’s Office to validate compliance with the Federal Code of Regulations.
Figure 1.2 is a map of this area, which operates under full compliance with NRC
regulations and USAF directives, and has no history of major violations or citations in
radioactive permit management.
Daily site operations of Range 63-10 are managed by several USAF, Nellis Air Force
Base organizations. The Nellis Air Force Base, 99*’' Medical Group, Bioenvironmental
Engineering Flight fulfills duties as the USAF Radiation Safety Officer, while the
99**' Air Base Wing, Civil Engineer Squadron, Environmental Management Flight has
served as the focal point for site environmental assessment. The 98*** Range Wing, and its
contractors provide direct operational oversight in approving access for range
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g
maintenance and clean-up activities. It is through the teaming of these organizations that
seven specific site studies have been performed over the last 10 years of Range 63-10
operations. A review of surveillance and environmental assessment studies performed by
the USAF Institute for Environment, Safety and Health Risk Analysis (AFIERA/SDRH),
(biannually from 1992-2002), the United States Army Corps of Engineers (June, 1997),
and Nellis Air Force Base Environmental Management Flight contractors provide the
bases for radiological observations made at Range 63-10 (DU Environmental
Assessment, 1998). All studies reviewed provided notable consistency with one another
as to the nature and extent of DU contamination. In summary, all past studies generally
agree that the highest DU soil concentrations exist near the target area focal point,
decreasing out to a 150 meter radius; infiltration via gravitational influences is negligible
within the top 30 cm of soil; and no horizontal migration of DU and it’s oxides due to
surface and seasonal hydraulic erosion have been observed outside the immediate
150 meter radius of the target area.
1.6

Study Goals and Objectives

This paper focuses on meeting two study objectives: 1) validate and/or reduce
Residual Radiation (RESRAD) code modeling uncertainties in the parameters used,
previously adopted fi-om the Tonopah Test Range (DOE, 1997), to model DU migration
in arid soils through extensive soil characterization, and 2) evaluation of potential
horizontal migration of DU through close examination of erosion tracts traversing the
target area. The first study goal was to determine site-specific parameters for DU
migration on various impacted soil horizons by defining geological parameters
(distribution coefficients, soil texture, soil pH, uranium activity concentration, and soil
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particle density) to ultimately reduce RESRAD computer modeling output errors
evaluating radiological risks to range workers and members of the public. The second
goal was to characterize motile playa layers subject to sporadic flash flooding events to
confirm the horizontal stability of DU.
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CHAPTER 2

METHODS AND MATERIALS
2.1

The 63-10 Target Area

The target area at range 63-10 consisted of six, heavily armored tanks in caravan
formation that were secured within the boundaries of an NRC licensed area,
approximately 36.1 km^ (JT3, 2004). Four tanks were aligned and evenly spaced at
70 meter intervals from east to west, with the remaining two tanks positioned 25 meters
south and parallel of the middle two tanks. The global information system (GIS) was
used to map and segregate slightly disturbed areas (mapped as disturbed) from those most
heavily distressed (mapped as tilled areas) by DU penetrators, (Figure 2.1). The
combined target region of tilled and disturbed ground is 0.153 km^ (36.2 acres) of total
impacted site area, with distinguishable boundaries established at points were natural
dessert flora had no visible sign of disturbance or impeded growth. The impacted zone
was this study’s primary focus, as it contained the highest concentration of spent DU
rounds. It is understood that random ricochet DU penetrators are located well outside the
mapped area, a fact observed in this study, but not evaluated.
Range 63-10 occurs on a mid-Holocene geographic surface based on soil
development with desert pavement containing very little or no desert varnish (Gile et. al.
1966). Soil profiling was performed in three target areas and labeled as background
(IS Pit 4), erosion tract (IS Pit 3), and target area (IS Pit 2). All soils were excavated.

10
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described, and sampled in accordance with U.S. Department of Agriculture (USDA)
Natural Resource Conservation Service (NRCS) Field Book for Describing and Sampling
Soils (Field Book) (Schoenberger et. al. 1998). Soil samples were evaluated from surface
to a depth of 43 cm, 33cm, and 54 cm with the resulting respective profiles shown in
Figures 2.1.a, 2.1.b, 2.1.C, and 2.1.d.
2.2

Site Characterization

Site characterization began by identifying the impacted area focal point, and precise
GIS mapping of the static targets, tilled areas, disturbed areas, impacted area boundaries,
landmarks, and the arroyo track. Two sampling plans were developed and executed to
evaluate DU activity concentrations within the site and erosion tract area. The first
sampling plan, identified as A l, specifically addressed DU deposition across the site
radius, initiating a surface soil sampling grid beginning at the target focal point and
extending east at 10 m increments to a distance of 150 meters. Incorporated in the Al
sampling phase, three pits were dug to evaluate DU concentrations within and close to
the site to establish what total uranium activity concentrations could be observed in the
target area, as well as determine the total isotopic uranium abundances present in natural
background. The second sampling plan, identified as A2, selected points along the
primary erosion tract traversing the target area. Each selected point was marked by GIS
and sampled. Typical sampling locations had fine sand accumulation from water
transport. Samples were collected to a distance of 500 m north and 350 m south of the
target area. The Al and A2 sampling phases produced a total of 88 soil samples.
The surface soil sample collection procedure required composite compilation of the top
5 cm of soil to produce a sample bulk mass of approximately 1 kg. Soil samples were
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prepared for gamma spectroscopy by air drying for 24-hours, sieving through a number
10 Sieve (2 mm), and packing in a 500 mL counting bottle. Where possible, 500 mL of
sample was analyzed to replicate the counting geometry. The average count time was
86,000 seconds, establishing a minimum detectable activity (MDA) for DU of 2.2 pg g *
soil.
At IS Pit 3, a total of 11 samples were collected above and below an oxidized
penatrator located at a depth of 4 cm deep. Subsurface samples were collected to a depth
of 10 cm in 1 cm intervals. A total of eight samples were collected from IS Pit 5, which
was located at the center of the pooling area south of target #2. An activity concentration
plot verses depth was developed for subsurface samples collected at 0, 2, 4,5 ,8 ,1 1 ,2 0 ,
and 40 cm.
2.3

Laboratory Methods

Gamma ray spectroscopy for dried, pulverized soil samples with varying densities of
1.3 - 1.6 g cm'^ was performed using a HPGe gamma ray spectrometer. System
calibration was performed using a twelve-energy NIST-traceable gamma standard in the
same geometry as the sample. Density of the standard was 1.15 g cm'^. All samples were
analyzed for

^ A c , ^^'*"'Pa, ^^“^Th, and

Activity concentrations of

progeny nuclides ^^'*“Pa and ^^'^Th were averaged to obtain the activity concentration of
Genie 2000 analysis software was employed for determining peak height and
nuclide concentrations (Canberra 1999). Isotope photon energies and abundances used in
the calculations were from a nuclide library speeifieally updated for DU soil analysis
(ANL, 2003). All values and uncertainties are from the 1998 Evaluated Nuclear
Structure Data File (ENSDF) database as extracted and reported in the 1999 Idaho
National Engineering & Environmental Laboratory (INEEL) Ge(Li)-Si(Li) Gamma
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Spectrum Catalog (Heath et. al. 1998). A portion of the library is presented in Table 2.1.
Notable differences for

exist between the Genie 2000 software and the 1998

ESNDF database, where photon yields differ by more than 30% (ANL, 2003).
2.4

DU Activity Concentration and Surface Transport Calculations

Activity concentrations for DU were estimated by multiplying the weight fraction of
^^^U times a conversion factor (the ratio of ^^^U : U^at) to account for the natural ^^*U
weight. The comparison could then be drawn based on the ratio of

U:

U on a

weight basis for Unbi and DU to estimate the DU concentrations in pg g‘* (ANL, 2003).
These calculations were performed in a Microsoft Excel worksheet, and can be viewed in
the attached CD-ROM under the file “IS DU Cone vs Distance.”
2.5

Modeling Parameters

The Residual Radiation (RESRAD) computer model developed by Argonne National
Laboratory is the industry standard for evaluating specific radiological contaminants on
site, and relating it to an overall dose to man. Figure 2.6. The RESRAD model considers
many of the possible transport pathways that can result in an internal or external exposure
to man. Pathways selected for the RESRAD modeling application were: external gamma,
inhalation (without radon), plant ingestion, eat ingestion, milk ingestion, drinking water,
and soil ingestion (Yu et. al. 2001). Pathways modeling for aquatic food intake and
radon inhalation were not considered, as the desert cannot sustain an aquatic environment
and there are no indoor facilities located at Range 63-10. The development of sitespecific parameters, many of which can be determined through extensive soil
characterization and meteorological data, allows for a better depiction of total dose to
man. Table 2.2 lists the input parameters for the RESRAD runs performed in this study,
as well as where those data were adapted from.
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Table 2.1 : Library of nuclide photon energies and intensities used for gamma-ray
spectrometry calculations. Based on 1998 ENSDF data as reported in the 1999 INEEL
Ge(Li)-Si(Li) Gamma Spectrum Catalogue (Heath 1999).
Nuclid<
Name
K-40
Cs-137
Tl-208.

Pb-210
Bi-212

Pb-212
Bi-214

Pb-214

Ra-224
Ra-226

Ac-228

Energy
(keV)
1460.75
661.660
211.4
233.36
277.358
510.77
583.191
763.13
860.564
46.52
452.83
727.18
785.42
1620.56
238.633
300.087
609.312
665.453
768.356
806.174
934.061
1120.28
1155.19
1238.11
1280.96
1377.66
1401.50
1407.98
1509.22
1661.28
1729.58
1764.49
1847.42
53.226
241.981
295.213
351.921
240.987
94.80
97.6
186.211
262.27
57.762
93.350
129.065

Energy
Uncert.
0.060
0.003
0.15
0.15
0.010
0.10
0.002
0.08
0.005
0.02
0.10
0.6
0.06
0.07
0.004
0.010
0.007
0.022
0.010
O.018
0.012
0.10
0.02
0.012
0.02
0.012
0.04
0.04
0.015
0.06
0.015
0.014
0.03
0.002
0.008
0.008
0.008
0.006

0.013
0.05
0.005
0.002
0.003

Yield
(%)
10.67
85.21
0.178
0.307
6.31
22.6
84.5
1.81
12.42
4.05
1.01
10.27
1.72
2.32
43.3
3.28
46.1
1.46
4.94
1.22
3.03
15.1
1.63
5.79
1.43
4.00
1.27
2.15
2.12
1.15
2.92
15.4
2.11
1.11
7.43
19.3
37.6
4.10
0.116
0.036
3.59
0.005
0.47
3.2
2.42

Yield
Uncert.
0.11
0.07
0.020
0.020
0.09
0.3
0.70
0.05
0.10
0.009
0.08
0.02
0.05
0.3
0.03
0.5
0.03
0.06
0.02
0.04
0.2
0.02
0.08
0.02
0.06
0.02
0.05
0.04
0.03
0.04
0.2
0.03
0.05
0.11
0.2
0.4
0.05
0.007
0.001
0.06
0.0005
0.03
0.3
0.09

Energy
Uncert.
0.010
0.006
0.004
0.006
0.002
0.005
0.004
0.004
0.004
0.006
0.006
0.04
0.01
0.010
0.03
0.010
0.004
0.004
0.005
0.002
0.01

U-238

Energy
(keV)
145.849
209.253
270.243
328.000
338.322
409.456
463.005
755.315
772.291
794.947
835.71
911.205
964.77
968.972
1588.21
1630.62
131.613
166.411
215.985
67.672
59.00
124
94.654
98.434
114.445
742.81
766.36
786.27
1001.03
63,29
92.50
184.8
53.20
120.912
93.350
109.16
140.76
143.764
163.358
182.61
185.715
194.94
202.11
205.311
279.50
49.550

Am-241

59.537

Nuclide
Name
Ac-228

Th-228

Th-230
Th-232
Pa-234m

Th-234

U-234
U-235

Yield
Uncert.
0.008
0.07
0.06
0.12
0.19
0.04
0.07
0.03
0.03
0.07
0.06
0.4
0.09
0.3
0.08
0.04
0.0018
0.0015
0.003
0.03
0.025

0.03
0.02
0.03
0.03
0.02
0.01
0.05
0.05
0.02
0.002
0.02
0.04
0.002
0.002
0.05
0.005
0.01
0.02
0.01
0.05
0.06

Yield
(%)
0.158
3.89
3.46
2.95
11.27
1.92
4.40
1.00
1.49
4.25
1.61
25.8
4.99
15.8
3.22
1.51
0.135
0.103
0.254
0.38
0.19
0.043
0.143
0.23
0.021
0.080
0.294
0.049
0.837
4.822
5.58
0.013
0.123
0.034
11
2.77
0.22
10.96
5.08
0.34
57.2
0.630
1.080
5.01
0.27
0.064

0.001

35.9

0.4

0.03
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0.016
0.03
0.0024
0.004
0.012
0.0019
0.010
0.500
0.40
0.007
0.002
0.0005
5
0.20
0.02
0.08
0.04
0.02
0.8
0.012
0.023
0.07
0.008
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Figure 2.6 ANL RESRAD pathway model
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Table 2.2: RESRAD Parameters Specific to Range 63-10 for Unrestricted Land
Parameter
Area of contaminated zone (m^)
Thickness of contaminated zone (m)
Length parallel to aquifer (m)
Basic radiation dose limit (mrem y"’)
Time since placement (y)
Initial principal radionuclide (pCi
“ *U
Initial [C] in groimd water (pCi L '): “U
Cover depth (m)
Cover density (g cm'^)
Cover depth erosion rate (m y ')
Density o f contaminated zone (g cm ^)
Contaminated zone erosion rate (m y"')
Contaminated zone total porosity
Contaminated zone field capacity
Contaminated zone hydraulic conductivity (m y"‘)
Contaminated zone b parameter
Average annual wind speed (m sec'*)
Humidity in air (g cm "*)
Evapotranspiration coefficient
Precipitation (m y'*)
Irrigation (m y'*)
Irrigation mode
Rimoff coefficient
Watershed area for nearby stream or pond (m'^)
Accuracy for soil/water computations
Density o f saturated zone (g cm'^)
Saturated zone total porosity
Saturated zone effective porosity
Saturated zone field capacity
Saturated zone hydraulic conductivity (m y'*)
Saturated zone hydraulic gradient
Saturated zone b parameter
Water table drop rate (m y'*)
Well pump intake depth (m below water table)
Model: non-dispersion (ND) or mass balance (MB)
Well pumping rate (m^ y'*)
Number o f unsaturated zone strata
Unsaturated zone thickness (m)
Unsaturated zone, soil density (g cm'^)
Unsaturated zone, total porosity
Unsaturated zone, effective porosity
Unsaturated zone, field capacity
Unsaturated zone, soil-specific, b parameter
Unsaturated zone, hydraulic conductivity (m y'*)
Kd for
Contaminated zone (cm^ g ')
Kj for ^^*U: Unsaturated zone (cm^ g'*)
Kj for ^^*U: Saturated zone (cm^ g'*)
Kd for '^^*U; Leach rate (y‘‘)
Kd for ^^*U:Solubility constant

Source
This Study
This Study
AFIERA/SDRH, 2002
10CFR20
Active
This Study
BEF
N/A
N/A
N/A
RESRAD default
This Study (estimate)
This Study
RESRAD default
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
N/A
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
RESRAD de&ult
AFIERA/SDRH, 2002
RESRAD default
RESRAD default
RESRAD default
AFIERA/SDRH, 2002
RESRAD default
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
AFIERA/SDRH, 2002
RESRAD default
RESRAD option
AFIERA/SDRH, 2002
RESRAD default
AFIERA/SDRH, 2002

(m' y ‘)
RESRAD default
RESRAD default
RESRAD default
AFIERA/SDRH, 2002
RESRAD default
This Study
RESRAD default
RESRAD default
RESRAD default
RESRAD default
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Input
70,000 m^
0.3 m
600 m
25 mrem y"‘
Oy
270 pCi g'*
0 pCi L'*
0m

1.5 g cm'^
4.0 E-5
0.3
0.2
1000 m y '
4.05
5.1
0.68
0.127 my-'
1.53 m y '
Ditch
0.2
3.6 E5 m ^
0.001
1.5 gem"'
0.3
0.3
0.2
1000
1.0 E-4
4.05
2 .4 E -3 m y '
10 m
ND
5.0 E5 m 'y '
1
90 m
1.5 gcm'^
0.3
0.3
0.2
4.05
1000 m y '
74 cm^ g '
50 cm^ g '
50 cm^ g '
Oy-'
0

CHAPTER 3

RESULTS
3.1

Surface Characterization

Results from gamma spectroscopy for sampling plan A1 identified DU deposition
across the site radius, with the highest concentrations reported at 30 m and 50 m from the
impacted zone focal point, (see Figure 3.1.a). The respective spikes in DU activity
concentrations correlate to surface sampling points straddling target #2, with detected
activity concentrations of 515 pg g’* and 318 pg g ^ Beyond 100 m, surface DU activity
concentrations are low with sporadic elevated concentrations observed. In this hit or miss
fashion, DU activity concentrations exceeded determined U^at background activity
concentrations (2.0 pCi g'*) by 3 to 5 times at radial distances of 110-150 meters.
Erosion tract analysis under sampling plan A2 showed results distinct to the
environmental regions where the surface soil samples were collected. In Figures 3.1.b
and 3.1.C, DU activity concentrations in the northern wash area produced the varied
results anticipated for an area subjected to overshoot. Random penetrator placement and
their unknown proximity to surface sample collection produced DU activity
concentrations that randomly varied beyond the target area, ranging from 0-20 times UNat
background. Heterogeneous mixing of DU and its oxides is demonstrated in the detection
results collected for DU pg g'* of soil by linking it to a distance in meters from the target
focal point.

20
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Figure 3.La, A l—East surface soil sampling radial
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Figure 3.1.b, A2—Arroyo characterization, north primary, cast diversion
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Figure B.l.c, A2—Arroyo characterization, north primary, west diversion
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Results from the southern arroyo tracts produced significantly different results.
Depleted Uranium activity concentrations per gram of soil, and their respective location
downstream show a logarithmic decrease, characteristic of a homogeneous mixing of soil
with DU and its oxides, (Figures 2.1.d and 2.1.e). Reported results for southern erosion
tract DU activity concentrations in pg g'^ of soil ranged from 125-5 times UNat
background beginning at the target focal point and extending downstream to
approximately 400 meters.
3.2 DU Depth Profiling
Limited depth radiological profiling was performed at Pit 5 to 40 cm in the arroyo
pooling area that engulfs target #2. The highest DU activity concentrations were noted
within the top 15 cm of soil (see Figure 3.2.a). Surface to subsurface concentrations
ranged from 6,400 pg g *at 0 cm to 330 pg g'* at 40 cm. Distinct to this sampling
location was a stratified soil layer of DU oxides (yellow cake) at 20 cm, with a respective
activity concentration of 910 pg g *.
Pit 2 gamma spectroscopy results were tabulated to a depth of 10 cm (see Figure
3.2.b). The highest DU soil activity concentrations were at 4 cm and 10 cm, with
corresponding values of 5,300 and 7,100 pg g"\ For this sampling location, DU surface
deposition was the lowest reported activity concentration, and annotated at 150 pg g '\
Activity concentrations rose sharply at depths immediately surrounding the penetrator.
Pit 3 was analyzed to a depth of 15 cm, reporting values that can be closely correlated to
DU activity concentration distribution noted Pit 5, Figure 3.2.c. Surface soil activity
concentrations decreased from 750 pg g’*to 390 pg g 'at 11 cm, and then sharply
increased to 630 pg g'* at the 15 cm, terminal depth sampling point.
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Figure 3.1.d, A2—Arroyo characterization, south primary, east fork
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Figure B.l.e, A2—Arroyo characterization, south primary, west fork
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Table 3.2.a: A2—Pit 5 depth profile in target pooling area
Pit 5—Arroyo D epth Profile

O.OEtOO 1.0EH)3 2.0EH)3
0

I

3.0& 03

4.0EH)3

5.0EH)3 6.0EH)3

------------------------ '------------------------'------------------------ '------------------------

7.0EH)3

— I---------♦ ------------ '

10
20

i

30
40

DUug/g

Table 3.2.b: A l—Pit 2, tilled area DU activity concentrations at depth
Pit 2--Sub-surhice D eposition

O.OB-OO 1.0B-03 2.0E4O3 3.0EH)3 4.0EH)3 5.0EH)3 6.0Ef03 7.0E*O3
0

6

8
10

DU ug/g
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Table 3.2.c: A l—Pit 3, erosion tract in tilled area, DU activity concentrations at depth
Pit 3—Sub-surface Deposition

2.0EH)2

3.0EH)2

4.0E+02

5.0EH)2

6.0EH)2

7.0BO2

8.0EK)2

9.0EK)2

ft 8

DU U g/g

3.3

RESRAD Site Specific Parameters

Laboratory parameters developed for use in RESRAD modeling produced an output
comparatively close to the AFIERA/SDRH, 2002 radiological assessment. Uranium
distribution coefficients (Ka) for the top three soil horizons ranged between 20-75 mL g '\
not significantly different then the default value of 50 mL g'^ previously used.
Contaminated soil total porosity was estimated to be 0.30 percent, also matching
RESRAD default parameters used in earlier modeling runs. The source term was defined
to be the average of 63 data points tabulating soil ^^*U activity concentrations to a radial
distance of 150 m, and to a depth of 30 cm. ^^U was used as the initial principal nuclide
at an average activity concentration of 270 pCi g *. Using a 150 m radius, the area
calculation resulted in approximately 70,000 m^ for the contaminated zone.
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3.4 RESRAD Model Output
RESRAD modeling output summed over all selected pathways produced a first year
produced a cumulative individual nuclide dose for

of 35 mrem y '\ As shown in

Figure 3.3, the external exposure and plant ingestion pathways proved prominent, as their
combined dose contributed to over 85 percent of the total individual dose. The remaining
15 percent combine for collective dose contributions from the internal exposure pathways
of ingestion (meat, milk, incidental soils, and drinking water) and particulate inhalation.
Table 3.3 provides the RESRAD output for calculated individual dose from

with the

branching fraction used for daughter radionuclides at given time intervals spanning
1-1,000 years. An unrestricted land use scenario in RESRAD limits the individual’s total
pathway dose to 25 mrem y '\ To decommission Range 63-10 under this annual dose
limitation, RESRAD calculated the single radionuclide soil guideline for

to be

200 pCi g '\ A copy of the RESRAD input and output file be found in the attached
CD-ROM in under Notepad file “Indian Springs, Range 63-10.”
3.5 RESRAD Sensitivity Analysis
RESRAD modeling of arid desert soil characteristics showed little variance in
sensitivity for soil erosion rate and porosity, with both sharing the same end point for
deterministic values doubled to evaluate a dose to source ratio plotted over 3,000 years
(Figures 3.4.a and 3.4.b). Previous modeling performed by AFIERA/SDRH, 2002 used a
similar static placement value of 0.000031 m y'^ that reflected retarded movement of
in the modeling output. Based on the erosion pathway observations made in this study, a
value of 0.00004 m y'* was estimated (Brenda Buck, 2004) and produced similar
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Figure 3.3, U-238 dose summary from all pathways
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Table 3.3: RESRAD modeling output for individual dose for 1,10, 100, and 1000 year
intervals
1000
Radionuclide Parent
Branching
1 year
10 years
100
(mrem/y)
(mrem/y)
years
years
Fraction
1

35.1

34.3

(mrem/y)
27.5

(mrem/y)
2.97

1

5.09 E-5

3.47 E-4

2.51 E-3

1.63 E-3

1

3.63 E-10

1.64 E-8

1.24 E-6

2.55 E-5

^^"Ra

1

1.52 E-11

4.66 E-9

3.33 E-6

5.06 E-4

^lUpb

1

7.88 E-14

1.22 E-10

5.11 E-7

1.40 E-4

2JOih

Zi ijj
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modeling results to that performed by the USAF. The sensitive parameters identified in
this study were the Kd and soil density. These values were modeled with a sensitivitymultiplying factor of 2 to account for error and variance often observed in desert soils.
The RESRAD modeling result showed a significant change in a dose to source ratio over
time, effectively reflecting broadening the range of

transport from about 1,000 to

3,000 years (Figure 3.4.c. and Figure 3.4.d.).
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CHAPTER 4

DISCUSSION
4.1 DU Corrosion
The natural weathering processes experienced at Range 63-10 result in a wide range
of complex physical and chemical processes affecting the fabric and structure of DU.
This can generally be referred to as corrosion, and can be better understood when viewed
as a two stage process: a) the oxidation of zero-valent metallic U to U(1V), and b) the
oxidation of U(1V) to U(V1), (Smith, 2002). Three primary environmental factors control
DU corrosion reactions under environmental conditions. These factors are the physical
form of the DU, DU’s chemical composition (DU/alloy mix), and chemical composition
of environmental reactants driving corrosion rates. Those soils higher in carbonate
minerals demonstrate a potential of oxidative reaction with CO2 . Dissolution rates for U
decrease in increasingly acidic environments, while the converse is noted for increasing
soil concentrations of Cl resulting in non-uniform and insoluble product formation
(Smith, 2002). Studies readily identify these corrosion factors for intact DU penetrators
separated from the protective aluminum jacket. However, the DU particle size
distribution and deposition during impact is a random event, a complication facilitated
through the use of heavily armored targets. Under optimal conditions, as much as
70 percent of the DU penetrator can be aerosolized into DU oxides when contacting a
hard target (AEPl, 1995). The kinetic energy of the penetrator at the time of impact, as
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well as the armor density and angle of impact all result in the final physical forms of DU
deposition. This was duely noted during the target area characterization. Visual
inspection showed DU particle sizes ranging from intact penetrators to pyrophoric,
droplet size DU splatter within a 3 m radius of each target. Impact with a hardened target
increases DU surface area readily available to enter an oxidation state. Once DU
becomes oxidized, phase changes from metallic uranium to uranium oxide result in
density changes of 19.05 g cm'^ to 4.5 g cm'^. This increases the chance of surface
erosion transport.
4.2

Horizontal Transport Processes

Arroyo flow rate, width, depth, mean velocity dilution and evaporative losses cannot
be quantified due to the stochastic nature of season flooding events. However, the
distribution of DU by the erosion tract was observed to decrease exponentially as might
be expected in a streambed. General horizontal transport processes for calculated DU
activity concentrations from the target area by erosion can be modeled by an exponential;
Cx = Ce'“

(4.1)

in which €% is the activity concentration x meters downstream, and k is the removal
coefficient expressed in reciprocal meters, (Kathren, 1991). The empirical removal
coefficients were estimated from observed field data through a linear regression of
ln(Cx/Co) to

X,

where both regression lines from the northern and southern erosion tract

are statistically identical (see Table 4.1). This correlation suggests the empirical removal
coefficients for DU and it’s oxides share a similar erosion tract transport rate. Surface soil
samples also showed an exponential decrease with distance. However, a comparison
using a Two-Sample, Equal Variance t-test shows surface radial samples exhibited a
significantly different distribution decreasing much slower with distance, (see table 4.2).
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Table 4.1 : t-Test statistical evaluation for significance C%/Co in arroyo and radial
sampling
Sampling
Location
Arroyo (S+E)
Arroyo (S+W)
Arroyo (N+W)
Arroyo (N+E)
Surface Radial

R Square
0.65
0.58
0.50
0.55
0.55

Coefficient (x)
-0.00177
-0.00180
-0.00143
-0.00176
-0.01100

Standard Error (x)
0.00043
0.00048
0.00050
0.00056
0.00376

P-value
0.0027
0.0038
0.022
0.014
0.022

Table 4.2: Statistical regression of Cx/Cp for erosion tract verses radial sampling
t-Test: Two-Sample Assuming Eqùal Variances
Mean
Variance
Observations
Pooled Variance
Hypoth Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Arroyo

Surface Radial

-0.0017

-0.011

2.98 E-08

0

4

1

2.98 E-08
0
3
48.2
9.82 E-06

p « < 0.05

2.35

48>2

1.96 E-05
3.18

The random nature of penetrator deposition, reduced fragmentation, and dislocation from
an accelerated oxidation environment (pooling areas) produced different pattern of DU
activity concentration per distance x for the arroyo and radial surface samples.
4.3

Subsurface DU Deposition

The surface sample from Pit 2 resulted in the lowest DU activity concentration
(150 pg g *) for that sampling location. Significantly elevated subsurface activity
concentrations suggest down-water movement or significant burying of DU. This
observation hinders the reliability of surface soil characterization of DU with an
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instrument such as a Nal (Tl) detector. The attenuation of beta and gamma radiations in
the top few cm of soil may lead to severe loss of counts leading to deceptive estimates in
soil activity concentrations in the immediate subsurface.
4.4

RESRAD’s Application to Decommissioning

RESRAD modeling of Range 63-10 under the resident farmer scenario (25 mrem y'^)
produced a single radionuclide soil guideline for

of 200 pCi g '\ Activity

concentrations for samples collected within a 60 m radius were generally observed to
exceed this limit, while all radii and erosion tract samples outside this area reported
activity concentrations less then release criterion. Surface soil samples compared to
those collected at depth showed a variance in

activity concentrations, both above and

below the release criterion. Pit 2 (tilled area) surface activity concentrations met the
single radionuclide soil guideline, yet at a depth of 10 cm exceeded the release criterion.
Pit 3 (erosion tract) and Pit 5 (pooling area) showed a different distribution of
seeing activity concentrations above 200 pCi g * in both the surface soils and at stratified
layers of increasing depth, 15 cm and 20 cm respectively.
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CHAPTER 5

CONCLUSION
5.1

DU Surface Transport at Range 63-10

Range 63-10 possesses unique conditions uncharacteristic to many other DU ranges
in operation today. The use of hard targets, and the associated DU penetrator interactions
with those targets causes a wide range of particle dispersion and deposition within the
immediate target area. The erosion tract that traverses the site from north to south
engulfs target #2, where geological conditions, such as a fine layer of clay crust forming
over sandy loam, allow for trapped and prolonged moisture retention in the surface soils.
Depleted uranium penetrators in this area ranged from intact rounds to <1 mm size
fragments only evidenced by the granular formation of yellow cake. The high degree of
penetrator fragmentation observed in the erosion tract results in a larger DU surface area
that is readily available to enter an oxidation state. When a flash flooding event occurs,
the lighter density DU oxide becomes accessible to arroyo transport. Through gamma
ray spectroscopy, this study observed the distribution of DU activity concentrations along
the erosion tract to have an exponential decreasing relationship. Most notably, DU has
been transported at detectable levels to a distance of 410 m south of the target focal point,
in sharp contrast to previous studies that assumed static placement.
5.2

RESRAD Modeling of Range 63-10

By defining environmental and geological parameters specific to Range 63-10, the
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RESRAD computer code was applied to the site to evaluate associated risks to range
workers and members of the public. The sum of the modeled pathways produced a first
year individual dose of 35 mrem y '\ and was comparatively close to AFIERA/SDRH’s
(12 mrem y'^) run of the code in 2002. RESRAD computation of for release of
Range 63-10 to the public required modeling under an agricultural land usage scenario,
limiting an individuals dose to the sum of all pathways to 25 mrem y"\ To meet this
criterion, the RESRAD model calculated the residual single nuclide soil concentration for
to be 200 pCi g'*; a value in absolute agreement with previous modeling done by
AFIERA/SDRH. By general appearance, the majority of surface soil

activity

concentrations are below this guideline, requiring no remedial action. However,
subsurface soil sampling produced

activity concentrations at levels greater than 10

times the single nuclide soil guideline. Care will need to be taken to ensure appropriate
measures are exercised to assess the depth of DU contaminants across the site.
A RESRAD sensitivity analysis evaluating the IQ and soil density produced the
largest variance in DU surface transport times, spanning 1000-3000 years for depletion of
^^*U from Range 63-10. Slight variances in these values show the most significant effect
on DU transport times, and are expected when expanding the RESRAD modeling time
scale to evaluate a source to dose ratio over thousands of years.
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CHAPTER 6

RECOMMENDATIONS
6.1 Range Management
Recommendations for modern-day DU range management revolve around mitigating
observed erosion tract transport of DU from the immediate target area. Two options exist
that may provide immediate relief from DU transport down the arroyo: 1) move target # 2
to a location out of the path of the erosion tract, and 2) install a coffer dam at a northern
location outside the disturbed target areas to divert flood waters around the periphery of
the site. Option 2 will require further hydraulic studies to determine dam type and
placement, as improper design may lead to creating other environments conducive to DU
oxidation and erosion tract transport.
Ongoing DU migration studies at the U.S. Army’s DU range in Yuma, Arizona
suggest not creating downstream dams to hold up migrating DU. This will avoid creating
environmental conditions, such as pooling, which are favorable to rapid weathering and
oxidation of DU and could result in increased vertical and horizontal transport
mechanisms.
6.2 Future Work
Recommendations for future studies of Range 63-10 prioritize soil depth profiling to
quantify the stratification of DU throughout the different soil horizons in geologically
distinct areas. The pooling area surrounding target #2, tilled area averted from the
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erosion tract, and several locations along the southern arroyo should be evaluated to
validate DU activity concentrations at depth. Previous studies slightly deviate from the
findings of this report, proposing DU concentrations are likely to exist only in the top
30 cm of soil. Although this fact differs from this study’s subsurface observations at one
40-cm sampling location, future work should be performed to validate the vertical
placement of DU.
Hydraulic transport of DU via the erosion tract fits the general exponential equation
form aquatic and terrestrial transport described by Kathren, 1991. However, further
study is warranted to better define the parameters specific to the erosion tract traversing
Range 63-10. Observations made by the U.S. Army in Yuma, AZ indicate their DU
range has been subject to flash flooding events producing measurable movement of DU
and its oxides (Ebinger et. al. 1990). The Army has implemented environmental radiation
monitoring protocols to assess sediment transport (Ebinger and Hansen, 1994). Further
USAF studies using similar techniques may produce a more accurate model describing
hydraulic transport of DU through the site, and it’s effect on the ecosystem.
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